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1
AD CONVERTER

This Nonprovisional application claims priority under 335
U.S.C. § 119(a) on Patent Application No. 206104/2005 filed
in Japan on Jul. 14, 2003, the entire contents of which are
hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to a delta sigma AD converter
or a pipelined AD converter which samples an input signal
and performs AD conversion of the sampled input signal.

BACKGROUND OF THE INVENTION

Conventionally, an analog-digital converter (hereinaftter,
referred to as “AD converter”) using a delta sigma (hereinat-
ter, referred to as “AX”") modulator has been widely used (for

example, see Non-Patent Document 1 (J. Silva, U. Moon, J.
Steensgaard and G. Temes, “Wideband Low-distortion delta

sigma ADC topology™, Electronics Letters, 7 Jun. 2001, Vo.
3’7, No. 12) and Non-Patent Document 2 (J. Silva, U. Moon,
and G. Temes, “Low-distortion delta sigma topologies for

MASH architectures, “IEEE Int. Symp. Circuits Syst., vol. 1,
pp. 1144-1147, May 2004)). Such a AX AD converter pro-
vides an input signal to an AD conversion section, and per-
forms DA conversion of an output from the AD conversion
section, and integrates a difference obtained by subtracting
the DA-converted signal from the mput signal, and provides
the mtegrated signal to the AD conversion section. This AX
AD converter makes 1t easier to realize highly accurate, low
distortion, and low voltage operation. Thus, the AX AD con-
verter 1s applied not only to an audio but also to a radio
communication recerver or the like. Further, its over sampling
rate 1s high, so that less performance 1s required 1n an Anti-
Alias filter which 1s necessary at a preceding stage of the AX
AD converter.

FIG. 13 1s a block diagram schematically illustrating a
conventional AX AD converter 90. The AX AD converter 90
includes a butler circuit 91 for supplying an input signal X to

a switched-capacitor sampling section 92 and an adder 97.
The sampling section 92 samples the input signal X supplied
trom the butfer circuit 91 and outputs the sampled signal X to
a subtracter 93.

The adder 97 adds an output signal Y1 of a loop filter 96 to
the mput signal X supplied from the bufier circuit 91 and
outputs the resultant to an AD conversion section 95. The AD
conversion section 95 converts the output of the adder 97 into
a signal having an N-bit digital value and outputs the con-
verted signal as an output voltage V and provides the con-
verted signal to a DA conversion section 94. The DA conver-
sion section 94 converts the output of the AD conversion
section 95 1nto a signal having an analog value and provides
the signal to the subtracter 93. The subtracter 93 subtracts the
output of the DA conversion section 94 from the output of the
sampling section 92 and provides the resultant to the loop
filter 96. The loop filter 96 outputs the output signal Y1
obtained by integrating the output of the subtracter 93 to the

adder 97.

FI1G. 14 1s a detail block diagram illustrating a linear model
in which the order of the loop filter 96 of the AX AD converter
90 1s the first order. In FI1G. 14, the AD converter 95 (FI1G. 13)
1s modeled as an adder 98, and a sum of a quantization noise
E(z) and the output signal supplied from the adder 97 to the
AD conversion section 95 (FI1G. 13) 1s an output signal of the
AD conversion section 95 (FIG. 13). In this case, the follow-
ing Expressions 1 and 2 hold.
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V() =X(2)+(1-z"Y)E(2) Expression 1

YO(2)=X(2)- V(2)=—(1-z" )-E(z) Expression 2

According to the Expressions 1 and 2, the input signal X(z)
1s not inputted to the loop filter 96 and the loop filter 96 deals
with only the shaped quantization noise E(z). Thus, any dis-
tortion of the mput signal X(z) caused by the nonlinearity of
the active component 1n the loop filter 96 does not occur.
Thus, it 1s possible to realize a AX AD converter causing less
distortion.

Further, there 1s widely used a pipelined AD converter
arranged so that: an input signal 1s provided to an AD conver-
s1on section, and a signal obtained by performing DA con-
version with respect to an output of the AD conversion section
1s subtracted from the mput signal and the resultant 1s ampli-
fied, and the amplified signal 1s provided to a following pipe-

line stage (for example, see Non-Patent Document 3 (E. Sira-
gusa, “A digitally Enhanced 1.8-V13-bit 40-MS/s CMOS

Pipelined ADC”, IEEE Journal of Solid-State Circuits, Vol.
39, No. 12, December 2004 pp. 2132)).

Further, a switched-capacitor amplifier 1s widely used for
various purposes of use (for example, see Patent Document 1
(Japanese Unexamined Patent Application No. 243949/2003
(Tokukai 2003-243949)(Publication date: Aug. 29, 2003)),
FIG. 5).

However, in the conventional A2X AD converter 90, the
iput signal X(z) 1s not inputted to the loop filter 96. Thus, 1t
1s necessary to cause the subtracter 93 to offset (1) an 1nput
signal X component which passes through a signal path 81
and a signal path 82 and 1s converted into a signal having a
digital value by the AD conversion section 95, and passes
through a signal path 83 and 1s converted into a signal having
an analog value by the DA conversion section 94 and (11) an
input signal X component which 1s sampled so as to be out-
putted by the sampling section 92. Therefore, 1t 1s necessary

that the mput signal X component passes through the signal
path 81, the signal path 82, and the signal path 83 without
delay to reach the subtracter 93. Thus, the signal path 81, the
signal path 82, and the signal path 83 have to be free from any
delay, so that 1t 1s necessary to so suificiently reduce a delay
quantity of the AD conversion section 95 and a delay quantity
of the DA conversion section 94 that the delay quantities do

not raise any problem compared with an operation frequency
of the AX AD converter 90.

Further, the output of the DA conversion section 94 1s a
multi-valued output, so that distortion caused by unevenness
of elements constituting the DA conversion section occurs. In
order to reduce the distortion, mismatch shaping i1s often
adopted. A digital circuit realizing the mismatch shaping is
disposed above the signal path 83, so that 1t 1s necessary to
reduce a delay quantity of the mismatch shaping digital cir-
cuit too.

In case of reducing the delay quantity of the AD conversion
section 95, the delay quantity of the DA conversion section
94, and the delay quantity of the mismatch shaping digital
circuit, circuit sizes and power consumption of the DA con-
version section 94 and the mismatch shaping digital circuit

increase. This 1s a problem of the conventional AX AD con-
verter 90.

Also 1n the pipelined AD converter, 1t 1s necessary to so
suificiently reduce the delay quantity of the AD conversion
section and the delay quantity of the DA conversion section
compared with an operation frequency of the whole con-
verter. Thus, the AD conversion section and the DA conver-
s10n section have to finish a signal process 1n sufficiently short
time compared with the operation frequency of the whole
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converter (see Non-Patent Document 3, FIG. 11). As a result,
it 1s necessary to reduce the delay quantities of the AD con-
version section, the DA conversion section, and the like, so
that circuit sizes and power consumption increase. This 1s a
problem of the conventional pipelined AD converter.

SUMMARY OF THE INVENTION

An object of the present mvention 1s to provide an AD
converter which can reduce a circuit size and power consump-
tion.

In order to achieve the foregoing object, an AD converter of
the present invention includes: a sampling section for sam-
pling an 1nput signal at each cycle Ts; an AD conversion
section for performing AD conversion of the input signal; a
DA conversion section for performing DA conversion of an
output of the AD conversion section; and a loop filter for
integrating a difference obtained by subtracting an output of
the DA conversion section from an output of the sampling
section so as to output the integrated difference to the AD
conversion section, wherein the sampling section includes a
plurality of sampling circuits disposed parallel to each other,
and the plurality of sampling circuits respectively operate at
timings different from each other, and each of the sampling
circuits delays the mput signal so as to output the delayed
input signal.

According to the arrangement, the plurality of sampling
circuits are disposed on the sampling section so as to be
positioned parallel to each other, and the sampling circuits
disposed parallel to each other operate at timings different
from each other, and each of the sampling circuits delays the
input signal and outputs the delayed mnput signal. Thus, the
plurality of sampling circuits each of which delays the input
signal and outputs the delayed input signal are respectively
operated so that operation timings are different from one
another by a cycle Ts, thereby realizing the sampling section
which performs sampling at every cycle Ts. Thus, the sam-
pling section which performs sampling at every cycle Ts 1s
allowed to delay, and the AD conversion section, the DA
conversion section, and the like are allowed to delay 1n accor-
dance with a delay quantity of the sampling section. There-
fore, 1t 1s possible to decrease operation speeds of the AD
conversion section, the DA conversion section, and the like
while keeping the cycle T's constant. As a result, 1t 1s possible
to reduce circuit sizes and power consumption of the AD
conversion section, the DA conversion section, and the like,
which are provided 1n the AD converter.

In order to achieve the foregoing object, another AD con-
verter of the present mvention includes: a sampling section
for sampling an iput signal at each cycle Ts; a first AD
conversion section for performing AD conversion of the input
signal; a first DA conversion section for performing DA con-
version of an output of the first AD conversion section; a first
loop filter for integrating a difference obtained by subtracting
an output of the first DA conversion section from an output of
the sampling section so as to output the integrated difference
to the first AD conversion section; a second AD conversion
section for performing AD conversion of an output of the first
loop filter; a second DA conversion section for performing
DA conversion of an output of the second AD conversion
section; and a second loop {ilter for integrating a difference
obtained by subtracting an output of the second DA conver-
sion section from an output of the first loop filter so as to
output the integrated difference to the second AD conversion
section, wherein the sampling section includes a plurality of
sampling circuits disposed parallel to each other, and the
plurality of sampling circuits respectively operate at timings
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4

different from each other, and each of the sampling circuits
delays the input signal so as to output the delayed input signal.

According to the arrangement, the plurality of sampling
circuits are disposed on the sampling section so as to be
positioned parallel to each other, and the sampling circuits
disposed parallel to each other respectively operate at timings
different from each other, and each of the sampling circuits
delays the mput signal and outputs the delayed mnput signal.
Thus, the plurality of sampling circuits each of which delays
the mput signal and outputs the delayed input signal are
respectively operated so that operation timings are different
from one another by a cycle Ts, thereby realizing the sam-
pling section which performs sampling at every cycle Ts.
Thus, the sampling section which performs sampling at every
cycle Ts 1s allowed to delay, and the AD conversion section,
the DA conversion section, and the like are allowed to delay 1in
accordance with a delay quantity of the sampling section.
Therefore, it 1s possible to decrease operation speeds of the
AD conversion section, the DA conversion section, and the
like. As aresult, 1t 1s possible to reduce circuit sizes and power
consumption of the AD conversion section, the DA conver-
sion section, and the like, which are provided in the AD
converter, while keeping the cycle Ts constant.

In order to achieve the foregoing object, still another AD
converter of the present mnvention includes: a sampling sec-
tion for sampling an input signal at each cycle Ts; a first AD
conversion section for performing AD conversion of the input
signal; a DA conversion section for performing DA conver-
s1on of an output of the first AD conversion section; an ampli-
fier for amplifying a difference obtained by subtracting an
output of the DA conversion section from an output of the
sampling section; a second AD conversion section for per-
forming AD conversion of an output of the amplifier; a digital
amplifier for amplitying an output of the second AD conver-
s10on section; and an adder for adding an output of the digital
amplifier to the output of the first AD conversion section so as
to output a result of addition, wherein the sampling section
includes a plurality of sampling circuits disposed parallel to
cach other, and the plurality of sampling circuits respectively
operate at timings different from each other, and each of the
sampling circuits delays the mput signal so as to output the
delayed mput signal.

According to the arrangement, the plurality of sampling
circuits are disposed on the sampling section so as to be
positioned parallel to each other, and the sampling circuits
disposed parallel to each other respectively operate at timings
different from each other, and each of the sampling circuits
delays the mput signal and outputs the delayed mnput signal.
Thus, the plurality of sampling circuits each of which delays
the mput signal and outputs the delayed input signal are
respectively operated so that operation timings are different
from one another by a cycle Ts, thereby realizing the sam-
pling section which performs sampling at every cycle Ts.
Thus, the sampling section which performs sampling at every
cycle Ts 1s allowed to delay, and the AD conversion section,
the DA conversion section, and the like are allowed to delay 1in
accordance with a delay quantity of the sampling section.
Therefore, 1t 1s possible to decrease operation speeds of the
AD conversion section, the DA conversion section, and the
like. As aresult, 1t 1s possible to reduce circuit sizes and power
consumption of the AD conversion section, the DA conver-
sion section, and the like, which are provided in the AD
converter.

Additional objects, features, and strengths of the present
invention will be made clear by the description below. Fur-
ther, the advantages of the present mnvention will be evident
from the following explanation 1n reference to the drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram schematically illustrating one
embodiment of an AD converter of the present invention.

FIG. 2 1s a circuit diagram 1illustrating a structure of a
sampling section of the AD converter.

FIG. 3 1s a timing chart 1llustrating how the AD converter
operates.

FI1G. 4 1s a detail block diagram illustrating a linear model
of the AD converter.

FIG. 5 1s a circuit diagram specifically illustrating the
structure of the AD converter.

FIG. 6 1s a circuit diagram illustrating how a butfer circuit
provided in the AD converter operates.

FI1G. 7 1s a timing chart illustrating a modification example
of the sampling section provided in the AD converter of the
present invention.

FI1G. 8 1s a circuit diagram illustrating another modification
example of the sampling section provided in the AD converter
of the present invention.

FI1G. 91s ablock diagram schematically 1llustrating another
embodiment of the AD converter of the present invention.

FI1G. 101s adetail block diagram using a linear model of the
AD converter.

FIG. 11 1s a block diagram schematically illustrating still
another embodiment of the AD converter of the present inven-
tion.

FIG. 121s adetail block diagram using a linear model of the
AD converter.

FIG. 13 1s a block diagram schematically illustrating a
conventional AX AD converter.

FI1G. 14 1s a detail block diagram illustrating a linear model
of the AX AD converter.

DESCRIPTION OF THE EMBODIMENTS

One embodiment of the present invention 1s described as
follows with reference to FIG. 1 to FIG. 10.

Embodiment 1

The following explains one embodiment of the present
invention with reference to FIG. 1 to FIG. 8. FIG. 1 1s a block
diagram schematically illustrating one embodiment of an AD
converter of the present invention.

A AX AD converter 1 of the present embodiment includes
a buffer circuit 38 for supplying an 1mnput signal X to a sam-
pling section 2 and an adder 7.

The sampling section 2 1s provided to perform double
sampling with respect to the mput signal X and has two
sampling circuits 8a and 856 disposed parallel to each other.
The sampling circuits 8a and 8b respectively operate at
respective timings, and each of the sampling circuits 8a and
86 delays the input signal X and outputs the delayed signal to
a subtracter 3.

The adder 7 adds an output signal of the loop filter 6 to the
input signal X supplied from the buffer circuit 38 and outputs
the resultant to an AD conversion section 5. The AD conver-
s10n section 3 converts the output signal of the adder 7 1nto a
signal having an N-bit digital value so as to output the con-
verted signal as an output signal V and provide the output
signal V to a DA converter 4. The DA converter 4 converts an
output of the AD converter 5 1nto a signal having an analog
value and provides the converted signal to the subtracter 3.
The subtracter 3 subtracts an output of the DA converter 4
from the output of the sampling section 2 and provides the
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resultant to the loop filter 6. The loop filter 6 outputs an output
signal obtained by integrating the output of the subtracter 3 to
the adder 7.

FIG. 2 1s a circuit diagram 1llustrating a structure of the
sampling section 2. The same reference numerals of the com-
ponents described with reference to the aforementioned
drawings are given to the corresponding components, and
detail descriptions thereof are omitted. The following draw-
ings are illustrated 1n the same manner.

The mput signal X 1s actually provided as differential input
signals vinp and vinm. An actual circuit includes (1) two
sampling sections 2 respectively corresponding to the differ-
ential input signals vinp and vinm and (11) two DA conversion
sections 4 corresponding to the differential input signals vinp
and vinm so that the sampling sections 2 and the DA conver-
s1on sections 4 are disposed 1n a vertically symmetric manner
in FIG. 2. The loop filter 6 includes an integrator 15. The
integrator 15 includes an. operational amplifier 16. One of the
sampling sections 2 and one of the DA conversion sections 4
are connected to an inversion input terminal of the operational
amplifier 16. The other of the sampling sections 2 and the
other of the DA conversion sections 4 are connected to an
noninversion input terminal of the operational amplifier 16.
The mtegrator 15 includes two capacitors 17. One end of one
capacitor 17 1s connected to the inversion input terminal of the
operational amplifier 16. The other end of the capacitor 17 1s
connected to the noninversion output terminal of the opera-
tional amplifier 16. One end of the other capacitor 17 1s
connected to the noninversion input terminal of the opera-
tional amplifier 16. The other end of the capacitor 17 1s
connected to the inversion output terminal of the operational
amplifier 16.

FIG. 3 1s a timing chart for illustrating how the AX AD
converter 1 operates. According to FIG. 2 and FIG. 3, a
sampling circuit 8a of the sampling section 2 to which the
differential input signal vinp 1s supplied from the buffer cir-
cuit 38 includes a capacitor 9a having a capacitance Cs. There
are generated standard clocks P1 and P2 each of which has a
square wave and serves as a standard of operation of the AX
AD converter 1, and there are generated sampling clocks S1,
H1, S2, and H2 which are required 1n the sampling circuits 8a
and 85 for performing double sampling in accordance with
the standard clocks P1 and P2.

Switches 10 which become ON while the sampling clock
S1 15 high and become OFF while the sampling clock S1 1s
low are provided on each of the upstream side and the down-
stream si1de of the capacitor 9a. The switch 10 on the upstream
side becomes ON while the sampling clock S1 1s high, and
leads the differential input signal vinp to the capacitor 9a so as
to store the signal as electric charge. The switch 10 on the
downstream side becomes ON while the sampling clock S1 1s
high, and connects the capacitor 9a to a terminal whose
reference potential 1s vbl.

Further, Switches 11 which become ON while the sam-
pling clock H1 1s high and become OFF while the sampling
clock H1 1s low are provided on each of the upstream side and
the downstream side of the capacitor 9a. The switch 11 on the
upstream side becomes ON while the sampling clock H1 1s
high, and connects the capacitor 9a to a terminal whose
reference potential 1s vr. The switch 11 on the downstream
side becomes ON while the sampling clock H1 1s high, and
releases the electric charge stored 1n the capacitor 9a to the
loop filter 6.

As 1n the sampling circuit 8q, also the sampling circuit 85
includes a capacitor 95 having a capacitance Cs. Switches 12
which become ON while the sampling clock S2 1s high and
become OFF while the sampling clock S2 1s low are provided
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on each of the upstream side and the downstream side of the
capacitor 9b. Further, switches 13 which become ON while
the sampling clock H2 1s high and become OFF while the
sampling clock H2 1s low are provided on each of the
upstream side and the downstream side of the capacitor 9b.

Each of the capacitors 9a and 95 samples an 1mput signal
(the differential input signal vinp or the differential input
signal vinm) at a timing indicated by a falling edge (an arrow
in FI1G. 3) of each of the sampling clocks S1 and S2 where
falling edge occurs at every Tsx2 cycle. The electric charge
sampled 1n the capacitor 9a and the electric charge sampled 1n
the capacitor 96 are alternately sent to the integrator 135 con-
stituting the loop filter 6. A timing at which the electric charge
1s sent from the capacitor 9a to the integrator 15 and a timing
at which the electric charge 1s sent from the capacitor 95 to the
integrator 15 delay from a timing at which the input signal 1s

sampled with the delay corresponding to 12 Ts. Thus, the
iput signal X 1s inputted to the loop filter 6 with the mput
signal X delaying by 12 Ts.

FI1G. 4 1s a detail block diagram illustrating a linear model
of the AX AD converter 1. It 1s assumed that the DA conver-
s10n section 4 shows 1deal property, so thatillustration thereof
1s omitted. Further, a first order loop filter 1s exemplified 1n

FIG. 15 so as to simplily the illustration, but a second order
loop filter 1s used as the loop filter 6 of Embodiment 1.

The input signal X 1s delayed by (12)Ts at a delay stage 37
of the sampling section 2 which performs double sampling
and 1s inputted to the subtracter 3 after passing through a gain
stage whose gainis 1. Further, the input signal X 1s inputted to
the AD conversion section 5 after passing through the gain
stage whose gain 1s 1 and the adder 7. An output of the AD
conversion section 3 1s delayed by (12)T's at the delay stage 37
and 1s fedback to the subtracter 3 after passing through the
gain stage whose gain 1s 1. In this way, a delay quantity of
cach of the signal paths 39q, 395, and 39¢ passing through the
AD conversion section 5 and the DA conversion section 4
(FIG. 1) 1s (12)T's of a delay quantity caused at the delay stage
3’7 provided on the output side of the AD conversion section
5, and 1s equal to (12)Ts of a delay quantity between input and
output of the delay stage 37 1n the sampling section 2.

The loop filter 6 includes: two discrete-time integrators
cach of which causes a delay quantity of (12)Ts; a delay stage
which causes a delay quantity of (12)Ts; and a plurality of
gain stages.

In this way, the delay stage 37 for delaying the input signal
1s provided on the sampling section 2, so that 1t 1s possible to
additionally provide a delay stage 37 on the output side of the
AD conversion section 5. A delay quantity of the additional
delay stage 37 can be assigned to a delay quantity of the AD
conversion section 5, a delay quantity of the DA conversion
section 4, and a delay quantity of the mismatch shaping
digital circuit. That 1s, the delay quantity of the AD conver-
s1on section 3, the delay quantity of the DA conversion sec-
tion 4, and the delay quantity of the mismatch shaping digital
circuit are increased, thereby reducing operation speeds
respectively required therein. Thus, it 1s possible to reduce
circuit sizes and power consumption of the AD conversion
section 5, the DA conversion section 4, and the mismatch
shaping digital circuit.

When the AD conversion section S 1llustrated in FIG. 4 1s
modeled by the adder as described above with reference to
FIG. 14 and it 1s assumed that a quantization noise included 1n
the AD conversion section 5 1s E(z), the following Expression
3 holds concerning the mput signal X, the output signal V, and
the quantization noise E.
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Expression 3

i Z—le Z—l
(X227 = V) 2+ T |+ X @ + £

—1/2

7 =V(2)

The Expression 3 1s modified into the following
s10n 4.

Expres-

Vio)y=z V2 X(2)+z V2 (1-z7HY2 - E(2)=STF(2) X(2)+NTF
(2)E(2)

The Expression 4 shows that the input signal X 1s outputted
with 1t delayed by (14)Ts and the quantization noise E 1s
outputted after being shaped with the second order integra-
tion filter. Further, an iput signal Y0 to the loop filter 6 1s
represented by the following Expression 3.

Expression 4

YO(2)=zV2-X(2)-V(2)=—z"V2-(1-z71 Y -E(2) Expression 5

The Expression 5 shows that: even when the delay stage 37
for causing a delay quantity of (12)Ts 1s added to the output
side of the AD conversion section 5 1n the loop as illustrated
in FI1G. 4, the input signal X 1s not inputted to the loop filter 6
and only the filtered quantization noise E 1s mputted to the
loop filter 6 as 1n the conventional structure described above
with reference to FIG. 14. Thus, no distortion of the input
signal X 1s caused by the nonlinearity of active components 1n
the loop filter 6.

FIG. 5 1s a circuit diagram specifically illustrating a struc-
ture of the AX AD converter 1. For example, FIG. S 1llustrates:
the sampling section 2 to which the differential input signal
vinp 1s supplied so that the sampling section 2 1s connected to
the inversion input terminal of the operational amplifier 16;
and the DA conversion section 4 which 1s connected to the
inversion mput terminal of the operational amplifier 16. How-
ever, actually, there are provided: the sampling section 2 to
which the differential input signal vinm 1s supplied so that the
sampling section 2 1s connected to the noninversion input
terminal of the operational amplifier 16; and the DA converter
4 which 1s connected to the noninversion input terminal of the
operational amplifier 16 as illustrated 1n FIG. 2. Further, a
common feedback circuit and the like are omatted.

The loop filter 6 includes an integrator 18 for integrating a
differential integration signal vintlp and a ditferential inte-
gration signal vintlm of the integrator 15. The integrator 18
includes an operational amplifier 22. The capacitor 19 having
a capacitance Cu2 1s provided between the noninversion out-
put terminal of the operational amplifier 16 and the mversion
input terminal of the operational amplifier 22.

Switches 20 which become ON while the standard clock
P1 1s high and become OFF while the standard clock P1 1s low
are provided on each ofthe upstream side and the downstream
side of the capacitor 19. The switch 20 on the upstream side
becomes ON while the standard clock P1 1s high, and leads
the differential integration signal vintlp of the integrator 15 to
the capacitor 19 so that the signal 1s stored as electric charge.
The switch 20 on the downstream side becomes ON while the
standard clock P1 1s high, and connects the capacitor 19 to a
terminal whose reference potential 1s vbl.

Further, switches 21 which become ON while the standard
clock P2 1s high and become OFF while the standard clock P2
1s low are provided on each of the upstream side and the
downstream side of the capacitor 19. The switch 21 on the
upstream side becomes ON while the standard clock P2 1s
high, and connects the capacitor 19 to a terminal whose
reference potential 1s vr. The switch 21 on the downstream
side becomes ON while the standard clock P2 1s high, and




US 7,439,889 B2

9

releases the electric charge stored in the capacitor 19 to a
capacitor 23 which 1s connected to the mversion mput termi-
nal and the noninversion output terminal of the operational
amplifier 22 and has a capacitance Cu2. The capacitor 19
having a capacitance Cu2 (not illustrated) 1s provided
between the inversion output terminal of the operational
amplifier 16 and the noninversion input terminal of the opera-
tional amplifier 22.

The AX AD converter 1 includes a reference generation
circuit 25 for generating differential reference levels vrp
[1:15] and vrm [1:15] each of which 1s a comparative poten-
tial supplied to fifteen 1-bit AD conversion circuits 25
described later.

The AD conversion section 5 includes fifteen 1-bit AD
conversion circuits 24. Each 1-bit AD conversion circuit 24
adds (1) the differential input signals vinm and vinp of the
mput signal X, (11) the differential integration signals vintlp
and vintlm, and (111) the differential integration signals vint2p
and vint2m of the integrator 18 to one another, and performs
AD conversion. The present embodiment illustrates an
example where resolution of the AD conversion section 5 1s 4
bits (16 levels), but the present invention 1s not limited to this.
The resolution of the AD conversion section 3 may have
another value.

Each 1-bit AD conversion circuit 24 includes two adders
28a and 28b and a comparator 36. The adder 28a 1ncludes a
capacitor 29a having a capacitance Ccompl, a capacitor 30a
having a capacitance Ccomp2, and a capacitor 31a having a
capacitance Ccomp3. On the upstream side of the capacitor
294, there 1s provided a switch 32a which 1s connected to a
terminal on the side of the reference level vrm [1] while the
standard clock P1 1s high and 1s connected to a terminal on the
side of the differential input signal vinm while the standard
clock P2 1s high. On the upstream side of the capacitor 30aq,
there 1s provided a switch 33a which 1s connected to a termi-
nal on the side of the differential integration signal vintlp
while the standard clock P1 is high and 1s connected to a
terminal on the ground side while the standard clock P2 1s
high. On the upstream side of the capacitor 31a, there 1s
provided a switch 34a which 1s connected to a terminal on the
side of the differential integration signal vint2p while the
standard clock P1 1s high and 1s connected to a terminal on the
ground side while the standard clock P2 1s high. One of input
terminals of the comparator 36 1s connected to the down-
stream sides of the capacitors 29a, 30a, and 31a. Also a
switch 35a which 1s grounded while the standard clock P2 1s
high and becomes OFF while the standard clock P2 1s low 1s
connected to the downstream sides of the capacitors 29a, 30aq,
and 31a.

Also the adder 2856 1s arranged 1n a manner similar to the
arrangement of the adder 284, and includes a capacitor 2956
having a capacitance Ccompl, a capacitor 306 having a
capacitance Ccomp?2, and a capacitor 315 having a capaci-
tance Ccomp3. On the upstream side of the capacitor 295,
there 1s provided a switch 325 which 1s connected to a termi-
nal on the side of the differential reference level vrp[1] while
the standard clock P1 1s high and 1s connected to a terminal on
the side of the differential reference level vinp while the
standard clock P2 1s high. On the upstream side of the capaci-
tor 305, there 1s provided a switch 335 which 1s connected to
a terminal on the side of the differential integration signal
vintlm while the standard clock P1 1s high and 1s connected to
a terminal on the ground side while the standard clock P2 1s
high. On the upstream side of the capacitor 315, there 1s
provided a switch 345 which i1s connected to a terminal on the
side of the differential integration signal vint2m while the
standard clock P1 1s high and 1s connected to a terminal on the
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ground side while the standard clock P2 1s high. The other
terminal of the input terminals of the comparator 36 1s con-
nected to the downstream sides of the capacitors 295, 305,
and 315b. Also a switch 356 which becomes ON while the
standard clock P2 1s high so as to be grounded and becomes
OFF while the standard clock P2 1s low 1s connected to the
downstream sides of the capacitors 295, 305, and 315.

The adder 28a adds the differential input signal vinm, the
differential reference level vrm|[1], the differential integration
signal vintlp, and the differential mntegration signal vinm to
one another with them weighted by the capacitors 294, 30aq,
and 31a, and supplies the resultant to the comparator 36 as a
differential input voltage vxp. The adder 285 adds the differ-
ential input signal vinp, the differential reference level vrpl[i],
the differential integration signal vintlms, and the differential
integration signal vint2m to one another with them weighted
by the capacitors 295, 305, and 315, and supplies the resultant
to the comparator 36 as a ditlerential input voltage vxm.

Here,
a comparator input voltage vx=vxp—vxm (FIG. 3) which 1s

inputted to the comparator 36 while the standard clock P1 1s
high 1s obtained by the following Expression 6.

Ccompr - (viy — veli]) + Expression 6

Ccomp2 - Vint1 + Ccomps - ViNT2

Vy =

Ccomprl + Ccomuprr + Coomps

where the input signal v,,~vinp-vinm, the reference level
vo[1]=vrp[i]-vrm][1], the integration signal v, =vintlp-
vintlm, and the integration signal v,,..,=vint2p-vint2m:.
According to the Expression 6, by setting capacitances of
the three capacitors so that Ccompl:Ccomp2:Ccomp3=1:2:
1,1t 15 possible to realize the same function as that of the adder
7 1llustrated in FIG. 4. Note that, the Expression 6 further
includes decrement of 4 caused by switched capacitors (ca-
pacitors having capacitances Ccompl to Ccomp3) provided
on each of fifteen 1-bit AD conversion circuits 24 constituting

the AD conversion section 5.

Each of fifteen comparators 36 outputs a comparator out-
put signal (FIG. 3), having a digital value of “0” or *“1” as a
result of comparison of the differential input voltages vxp and

vxm, at a falling edge of a latch clock P2lat obtained by
delaying the standard clock P2 by ATs.

The AX AD converter 1 1ncludes a logic circuit (LOGIC
bubble correction decoder) 26 and a logic circuit (Data
Weighted Averaging Block) 27. The logic circuit 26 outputs a
digital output signal dout, obtained by converting a 15-bat
thermometer code generated by the fifteen 1-bit AD conver-
s1on circuit 24, into a binary code. The logic circuit 27 per-
forms data weighted averaging with respect to the 15-bit
thermometer code and provides 15-bit digital data D[1:15]
and 15-bit digital data DB[1:15] to the DA conversion section
4.

The DA conversion section 4 includes fifteen 1-bit DA
conversion circuits 14. Each of the 1-bit DA conversion cir-
cuits 14 includes a capacitor 46 having a capacitance Cs/15.
Switches 47 and 48 and a switch 21 are connected to the
upstream side ol the capacitor 46. The switch 47 becomes ON
while AND of the standard clock P1 and the digital data D[i]
1s “truth” and connects a terminal of the differential retference
level vip (=Vrp[13]) to the capacitor 46 so that electric charge

1s stored. The switch 48 becomes ON while AND of the
1s “truth” and

standard clock P1 and the digital data DB[1
connects a terminal of the difterential reference level vrm
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(=Vrm[15]) to the capacitor 46 so that electric charge 1s
stored. The switch 21 becomes ON while the standard clock
P2 1s high and connects a terminal of the reference potential vr
to the capacitor 46. The switches 20 and 21 are connected to
the downstream side of the capacitor 46. The switch 20 on the
downstream side becomes ON while the standard clock P1 1s
high and connects the capacitor 46 to a terminal of the refer-
ence potential vbl. The switch 21 becomes ON while the
standard clock P2 1s high and releases the electric charge
stored 1n the capacitor 46 to the loop filter 6.

According to FI1G. 3, the AD conversion section 5 converts
a sum of the differential input signals vinm and vinp and the
differential integration signals vintlp, vint2p, vintlm, and
vint2m, which are outputted from the respective integrators,
into a digital value 1n a period from falling of the standard
clock P2 to subsequent falling of the latch clock P2lat, and the
logic circuit 27 finishes the data weighted averaging after
talling of the latch clock P2lat by the time when the standard
clock P2 rises. The DA conversion section 4 performs DA
conversion since the rising of the standard clock P2.

FIG. 6 1s a circuit diagram 1illustrating how the bufler
circuit 38 provided in the AX AD converter 1 operates. In case
where the capacitance Cs of the capacitors 9a and 95 of the
sampling section 2 1s much higher than a value 15 times as
high as the capacitance Ccompl of the capacitor 296 of the
1-bit AD conversion circuit 24, that 1s,

Cs=>>15xCcompl,

a load of the builer circuit 38 1s substantially determined by
the capacitance Cs of the capacitors 9a and 95 of the sampling,
section 2. At this time, a settling time of the sampling section
2 1s a period in which a sampling clock S1 or a sampling clock
S2 becomes high, and a length of the period corresponds to a
cycle Ts.

In the conventional structure (FIG. 14), the sampling sec-
tion 92 1s constituted of a single sampling circuit, and the
sampling clocks S1 and S2 are respectively equal to the stan-
dard clocks P1 and P2. Thus, a length of a period 1n which the
sampling clock S1 or the sampling clock S2 becomes high
corresponds to a cycle Tsx(}42). That 1s, the settling time for
the sampling section 92 1s the cycle Tsx(%2).

Thus, according to the present embodiment, the settling
time can be set to Ts twice as high as (12)Ts of the conven-
tional structure (FIG. 14). Thus, 1t 1s possible to reduce the
driving ability of the bufler circuit 38, thereby reducing the
power consumption.

While, 1n case where the capacitance Cs of the capacitors
9a and 95 1s represented as follows

Cs=15xCcompl,

that 1s, 1n case where a sampling capacitance of the sampling,
section 2 1s equal to a sum of sampling capacitances of fifteen
1-bit AD conversion circuits 24 of the capacitor 295, the
capacitance Ccompl of the capacitor 295 greatly contributes
to the load of the buffer circuit 38. Thus, 1t 1s difficult to reduce
the driving ability of the buffer circuit 38 according to the
structure illustrated 1n FIG. 6.

In this case, when the sampling circuit of the capacitor 295
of each of the fifteen 1-bit AD conversion circuits 24 is a
double sampling type as 1n the sampling circuits 8a and 85, 1t
1s possible to reduce the driving ability and the power con-
sumption of the butler circuit 38.

The sampling circuits 8a and 856 perform the double sam-
pling, so that a sampling interval 1s T's. However, 11 the sam-
pling circuit of the capacitor 295 of the 1-bit AD conversion
circuit 24 does not perform the double sampling, the sampling
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interval 1s Ts/2, so that 1t 1s necessary to sample the differen-
tial iput signal vinp within a period (Ts/2) in which the
standard clock P2 1s high. Thus, the builer circuit 38 has to
cause the capacitor 295 to be charged with the differential
input signal within the sampling interval. As the sampling
interval becomes shorter, the settling time becomes shorter,
so that a current which has to be flown to the butler circuit 38
increases. While, 11 also the sampling circuit of the capacitor
29b ofthe 1-bit AD conversion circuit 24 1s a double sampling
type, the sampling interval (T's) increases, so that the settling
time may be accordingly set longer. Thus, it 1s possible to
reduce the driving ability and the power consumption of the
butler circuit 38.

Further, builer circuits can be respectively provided in the
sampling circuits 8a and 85, and the sampling circuit of the
capacitor 29b, thereby reducing the power consumption of
cach builer circuit.

That 1s, due to an effect of the noise shaping, an error or a
noise 1mcluded in the sampling circuit of the capacitor 2956
serving as an iput section of the AX AD converter has little
influence on an output of the AX AD converter. Thus, it 1s not
necessary to settle each sampling circuit of the capacitor 295
with high accuracy. As a result, it 1s possible to reduce the
power consumption of the buffer circuit provided to drive
sampling circuits of the capacitor 29b.

While, the buffer circuit provided to drive both the sam-
pling circuits 8a and 85 do not have to drive the sampling
circuits of the capacitor 295 at the same time, so that 1t 1s
possible to set the settling time to T's twice as long as (V2)Ts
of the conventional structure (FI1G. 14), thereby reducing the
power consumption.

FIG. 7 1s a timing chart illustrating a modification example
of the sampling section provided 1n the AX AD converter 1.
The foregoing embodiment described an example where two
sampling circuits 8a and 85 for delaying the mnput signal are
provided. However, the present invention 1s not limited to
this. Also 1n case where n number of sampling circuits (N 1s an
integer not less than 3) are provided, it 1s possible to realize

the same function. FIG. 7 1s a timing chart corresponding to
FIG. 2 1n case of N=4.

Sampling clocks S1, H1, S2, H2, 83, H3, S4, and H4
respectively correspond to control clocks for respectively
operating four switched-capacitor sampling circuits disposed
parallel to each other. According to this structure, 1t 1s possible
to increase a period in which the input signal 1s sampled (T'sx2
in F1G. 7). Thus, 1t 1s possible to reduce the power consump-
tion of the butler circuit for driving the sampling circuit of the
A2 AD converter. Further, increase in the settling time
reduces an error caused by the settling, so that 1t 1s possible to
realize highly accurate AD conversion.

FIG. 8 1s a circuit diagram 1llustrating another modification
example of the sampling circuit provided 1n the AX AD con-
verter. As described 1n the foregoing embodiment with refer-
ence to FIG. 2 and FIG. §, the sampling section 2 for sampling
the mnput s1ignal and the DA conversion section 4 for convert-
ing an output of the AD conversion section 5 into a signal
having an analog value so as to input the converted signal to
the loop filter 6 are realized by the switched capacitor circuits
different from each other. However, the structure can be
arranged so that the capacitor and the switch are shared by the
sampling section and the DA conversion section. An example
thereof 1s 1llustrated 1n FIG. 8.

Instead of the sampling section 2 and the DA conversion
section 4, fifteen DA conversion sampling sections 41 dis-
posed parallel to one another are provided in the AX AD
converter. Bach of the fifteen DA conversion sampling sec-
tions 41 performs not only the double sampling of the input

.
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signal but also 1-bit DA conversion at the same time. Each of
the DA conversion sampling sections 41 includes two DA
conversion sampling circuits 42a and 425 disposed parallel to
cach other.

The DA conversion sampling circuit 42q includes a capaci-
tor 43a having a capacitance Cs/15. Switches 10 which
become ON while the sampling clock S1 1s high and become
OFF while the sampling clock S1 1s low are provided on each
of the upstream side and the downstream side of the capacitor
43a. The switch 10 on the upstream side becomes ON while
the sampling clock S1 1s high and leads the differential input
signal vinp to the capacitor 43a so that the signal 1s stored as
clectric charge. The switch 10 on the downstream side
becomes ON while the sampling clock S1 1s high and con-
nects the capacitor 43q to a terminal whose reference poten-
tial 1s vbl1.

Switches 44a and 454 are provided on the upstream side of
the capacitor 43a. The switch 44a 1s ON while AND of the
sampling clock H1 and the digital data D[1] 1s “truth”, and
connects a terminal of the differential reference level vrp to
the capacitor 43s so that electric charge 1s stored. The switch
45a becomes ON while AND of the sampling clock H1 and
the digital data DBJ1] 1s “truth”, and connects a terminal of the
differential reference level vrm to the capacitor 43a so that
clectric charge 1s stored. A switch 11 1s connected to the
downstream side of the capacitor 43a. The switch 11 becomes
ON while the sampling clock H1 1s high, and releases the
clectric charge stored 1n the capacitor 434 to the loop filter 6.

The DA conversion sampling circuit 425 includes a capaci-
tor 435 having a capacitance Cs/15. Switches 12 which
become ON while the sampling clock S2 1s high and become
OFF while the sampling clock S2 1s low are provided on each
of the upstream side and the downstream side of the capacitor
43b. The switch 12 on the upstream side becomes ON while
the sampling clock S2 1s high, and leads the differential input
signal vinp to the capacitor 435 so that the signal 1s stored as
clectric charge. The switch 12 on the downstream side
becomes ON while the sampling clock S2 1s high, and con-
nects the capacitor 435 to a terminal whose reference poten-
tial 1s vbl1.

Switches 445 and 455 are provided on the upstream side of
the capacitor 435. The switch 445 becomes ON while AND of
the sampling clock H2 and the digital data D[1] 1s “truth”, and
connects a terminal of the differential reference level vrm to
the capacitor 435 so that electric charge 1s stored. A switch 13
1s connected to the downstream side of the capacitor 435. The
switch 13 becomes ON while the sampling clock H2 1s high,
and releases the electric charge stored 1n the capacitor 435 to
the loop filter 6.

While the sampling clock S1 or the sampling clock S2 1s
high, two capacitors 43a and 435 of each of fifteen switched
capacitor circuits connected parallel to one another alter-
nately sample the differential input signal vinp. While the
sampling clock H1 or the sampling clock H2 1s high, a termi-
nal provided on each of the capacitors 43a and 435 so as to be
positioned on the side of the differential input signal vinp 1s
connected to a terminal of the differential reference level vrp
or a terminal of the differential reference level vrm. Further, a
difference between the sampled differential input signal vinp
and the differential reference level vrp or the differential
reference level virm which has been subjected to the DA
conversion 1s outputted to the loop filter 6.

In this way, the sampling circuits 8a and 85 1llustrated in
FIG. 2 and FIG. 5 are replaced by the fifteen switched capaci-
tor circuits each of which includes the capacitors 43a and 435
cach having the capacitance Cs/15, and the sampling clocks
H1 and H2 are used instead of the standard clock P1 so as to
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supply the digital data D[1] and DBJ[1], so that the capacitors
and the switches can be shared by the sampling section and
the DA conversion section.

In an example illustrated 1n FIG. 5, two capacitors 9a and
956 each having a capacitance Cs alternately sample the mnput
signal at each T's cycle. Thus, 1n terms of a noise, the capaci-
tors 9a and 9b are equal to a single capacitor which has a
capacitance Cs and performs sampling at a T's cycle. Further,
in an example illustrated in FIG. 8, also the two capacitors
43a and 435 which are provided 1n each of the fifteen DA
sampling sections 41 so that each of the capacitors 43a and
43b has the capacitance Cs/15 alternately sample the mput
signal at each T's cycle, so that the capacitors 43aq and 435 are
equal to a single capacitor which has a capacitance Cs/15 and
performs sampling at a Ts cycle.

Thus, the sampling capacitance exemplified 1n FIG. 5 1s
2Cs(=Cs+(Cs/13)x15), and the sampling capacitance exem-
plified 1n FIG. 8 1s Cs(=(Cs/15)x13). Thus, by adopting the
structure illustrated in FIG. 8, it 1s possible to reduce the
sampling capacitance to 2 compared with the structure 1llus-
trated 1n FIG. 5. Thus, it 1s possible to reduce a noise (KTC
noise) caused by the sampling to 4.

Embodiment 2

The following explains Embodiment 2 of the present
invention with reference to FIG. 9 and FIG. 10. Note that,
Embodiment 2 1s arranged 1n the same manner as 1n Embodi-
ment 1 except for the following description. For convenience
in description, the same reference numerals are given to mem-
bers having the same functions as those of the members
1llustrated 1n the drawings of Embodiment 1, and descriptions
thereol are omitted. Embodiment 3 will be described in the
same manner.

FI1G. 91s ablock diagram schematically 1llustrating another
embodiment of the AD converter. The AD converter 1s a
MASH type (multi-stage noise shaping type) AX AD con-
verter 50, and the present embodiment describes an example
of a 2 stage type. The MASH-type AX AD converter 50
includes not only a stage 51 which is a structure of the AX AD
converter 1 of Embodiment 1 but also a stage 52.

The stage 32 includes an ordinary AX AD converter 1n
which an integration signal Y2A of the loop filter 6 of the
stage 51 1s used as an nput signal. The loop filter 6 of the stage
51 supplies the integration signal Y2 A to a subtracter 3 and an
adder 7 of the stage 52. The adder 7 of the stage 52 adds an
integration signal Y2B of the loop filter 6 of the stage 52 to the
integration signal Y2A so as to output the resultant to an AD
conversion section 5. The AD conversion section 3 outputs an
output signal VB on the basis of the output of the adder 7 so
as to provide the output signal VB to a DA conversion section
4. The DA conversion section 4 performs analog conversion
with respect to the output signal VB of the AD conversion
section 5 and provides the converted signal to the subtracter 3.
The subtracter 3 subtracts an output of the DA conversion
section 4 of the stage 52 from the integration signal Y2A of
the stage 51 so as to provide the resultant to the loop filter 6.
The loop filter 6 outputs the integration signal Y2B obtained
by mtegrating the output of the subtracter to the adder 7.

By performing desired calculation with respect to an out-
put signal VA of the stage 51 and an output signal VB of the
stage 52 so as to cancel an error, 1t 1s possible to obtain a final
output signal V. Further, 1n the stage 52, 1t 1s not necessary to
provide a double sampling circuit (sampling section 2)
required 1n the stage 51.

As mdicated by differential integration signals vint2p and
vint2m of FIG. 3, the integration signal Y2A outputted from
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the loop filter 6 of the stage 51 keeps the same value at both a
period 1n which the standard clock P2 1s high and a period in
which the standard clock P2 1s subsequently low. When an
output supplied from the loop filter 6 of the stage 51 to the
subtracter 3 ofthe stage 52 1s delayed from an output supplied
from the loop filter 6 of the stage 51 to the adder 7 of the stage
52 by 2 Ts, delay of 2 Ts 1s allowed 1n the AD conversion
section 5 and the DA conversion section 4 of the stage 52 as
in the stage 51.

FI1G. 101s a detail block diagram using a linear model of the
MASH-type AX AD converter 30. The stage 51 1s arranged 1n
the same manner as in the structure illustrated 1n FIG. 4, so
that description thereof 1s omitted. The stage 52 1s described
as follows. A signal obtained by delaying the integration
signal Y2A of the integrator 18 of the stage 51 by 14 Ts 1s
inputted to the subtracter 3 positioned before the loop filter 6
of the stage 52. While, the integration signal Y2A 1s inputted,
without any modification, to the adder 7 positioned before the
AD conversion section 5 of the stage 52. According to the
foregoing structure, the AD conversion section 5 and the DA
conversion section 4 are allowed to delay up to 2 Ts also 1n
the stage 52. Thus, also 1n the stage 52 of the MASH type AX
AD converter 50, 1t 1s possible to reduce area sizes and power
consumption of the AD conversion section 3 and the DA
conversion section 4.

Embodiment 3

FIG. 11 1s a block diagram schematically illustrating a
pipelined AD converter 60 which 1s still another embodiment
of the AD converter of the present invention. The pipelined
AD converter 60 includes: a sampling section 2 for perform-
ing double sampling with respect to an input signal X; an AD
conversion section 5q for sampling the input signal X so as to
perform conversion into a digital value; a DA conversion
section 4 for converting an N1-bit output of the AD conver-
s10n section 5a mto a signal having an analog value; a sub-
tracter 3 for subtracting an output of the DA conversion sec-
tion 4 from an output of the sampling section 2; an amplifier
61 for amplilying an output of the subtracter 3 so as to trans-
mit the amplified output to an AD conversion section 55 at a
subsequent stage; an AD conversion section 36 for converting
an output signal of the amplifier 61 into an N2-bit digital
value; a digital amplifier 62 for multiplying a digital output
signal of the AD conversion section 56 by a desired gain; and
an adder 7 for adding an output of the digital amplifier 62 to
the N1-bit output of the AD. conversion section Sa.

FIG. 121s adetail block diagram using a linear model of the
pipelined AD converter 60. As described in Embodiment 1,
the sampling section 2 can delay the input signal X by (12)T's
(clock), so that the sampling section 2 can be replaced by a
delay stage 63.

Asin Embodiment 1, also the pipelined AD converter 60 of
the present embodiment includes, as a signal path of the input
signal X to the subtracter 3, a signal path which passes
through the sampling section 2 and reaches the subtracter 3
and a signal path which passes through the Ad conversion
section 3a and the DA conversion section 4 and reaches the
subtracter 3, and signals having passed through both the sig-
nal paths are subjected to subtraction of the subtracter 3.
Thus, 11 both the signal paths are different from each other 1n
the delay time, a wavetform indicative of an output signal may
have distortion as in Embodiment 1.

However, as in Embodiment 1, also the pipelined AD con-
verter 60 of the present embodiment includes the delay stage
63 provided on the signal path which passes through the
sampling section 2 and reaches the subtracter 3 as a result of
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double sampling performed by the sampling section 2 with
respect to the mput signal X. Thus, it 1s possible to addition-
ally provide the delay stage 63 on the signal path which passes
through the AD conversion section Sa and the DA conversion
section 4 and reaches the subtracter 3. Note that, if both the
delay stages 63 are set to be equal to each other 1n terms of a
delay quantity, it 1s possible to most effectively suppress
wavelorm distortion of the output signal which 1s caused by
the input signal.

Thus, 1t 1s possible to decrease the operation speed of the
AD conversion section Sq and the DA conversion section 4.
As a result, it 1s possible to reduce the circuit sizes and the
power consumption of the AD conversion section 3a and the
DA conversion section 4.

A transfer function from the input signal X to the output
signal V 1n FI1G. 12 1srepresented by the following Expression
7.

Vi) = (X(Q+EL(g) -7 + Expression 7

|
[(X(2) 7Y - X+ EL@) 771G+ E2(2)]- =
E2(Z)

— ()2 o
(2)-z2 -

As represented by the Expression 7, the output signal V 1s
represented by a sum of the mput signal X and a signal
obtained by attenuating a quantization noise E2 leaked from
the AD conversion section 5aq with a gain G. A quantization
noise E1 of the AD conversion section Sa 1s cancelled, so that
the quantization noise E1 does not appear in the output signal
V. In this way, according to the pipelined AD converter 60, the
input signal X 1s slightly delayed in being outputted, and 1t 1s
possible to realize the same function as that of the conven-
tional pipelined AD converter.

Note that, in Embodiments 1 to 3, the sampling section for
sampling the mput signal X includes a plurality of sampling
circuits disposed parallel to each other so that double sam-
pling 1s performed, but the present invention 1s not limited to
this. The sampling section may be arranged so that double
sampling 1s performed by the loop filter, the AD conversion
section, and the DA conversion section.

Further, in the sampling circuit for performing the double
sampling with respect to the mput signal, there occur (1)
capacitance mismatch (gain mismatch) of each switched
capacitor circuit, (1) charge 1njection mismatch (offset mis-
match caused by the switch), and (111) mismatch caused by
Phase Skew of a control clock for sampling, so that a tone
caused by these mismatches occurs. As a result, its perfor-
mance generally deteriorates. However, 1n case of using the
sampling circuit in a radio commumnication recerver and the
like, an Anti-Alias filter or the like disposed at the previous
stage of the sampling circuit reduces an out-of-band signal to
some extent, so that a tone included 1n a band as a result of the
foregoing mismatches has low signal power. Thus, high accu-
racy 1s not required in covering the mismatches. Particularly,
in case where an oversampling ratio 1s high, accuracy is less
required 1in covering the mismatches.

The present invention 1s not limited to the description of the
embodiments above, but may be altered by a skilled person
within the scope of the claims. An embodiment based on a
proper combination of technical means disclosed 1n different
embodiments 1s encompassed 1n the technical scope of the
present invention.
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The present invention 1s applicable to a delta sigma AD
converter or a pipelined AD converter which samples an input
signal so as to perform AD conversion of the iput signal.

It 1s preferable to arrange the AD converter of the present
embodiment so that the plurality of sampling circuits are two
switched capacitor type sampling circuits, and each of the
switched capacitor type sampling circuits delays the input
signal by 12 of the cycle Ts. A simple arrangement allows the
sampling section to delay.

It 1s preferable to arrange the AD converter of the present
embodiment so that a signal delay quantity 1n a signal path
passing through the AD conversion section and the DA con-
version section 1s equal to a delay quantity between an input
and an output of the sampling section. The AD conversion
section and the DA conversion section are allowed to delay
until delay quantities thereot are equal to a delay quantity of
the sampling section, so that 1t 1s possible to further reduce the
operation speed, and 1t 1s possible to further reduce the circuit
s1zes and the power consumption.

It 1s preferable to arrange the AD converter of the present
embodiment so that a single switched capacitor circuit serves
as both the sampling section and the DA conversion section,
and each of the sampling circuits imncludes a switch and a
capacitor, and the plurality of sampling circuits delay the
iput signal so as to output the delayed input signal and
perform DA conversion of the output of the AD conversion
section. It 1s possible to reduce the sampling capacitance, so
that 1t 1s possible to reduce a noise (KTC noise) caused by the
sampling.

The embodiments and concrete examples of implementa-
tion discussed 1n the foregoing detailed explanation serve
solely to illustrate the technical details of the present inven-
tion, which should not be narrowly interpreted within the
limits of such embodiments and concrete examples, but rather
may be applied 1n many variations within the spirit of the
present invention, provided such variations do not exceed the
scope of the patent claims set forth below.

What 1s claimed 1s:

1. An AD converter, comprising:

a sampling section for sampling an input signal at each
cycle Ts;

an AD conversion section for sampling the input signal at
the same time as the sampling section and performing
AD conversion of the sampled input signal;

a DA conversion section for performing DA conversion of
an output of the AD conversion section; and

a loop filter for integrating a difference obtained by sub-
tracting an output of the DA conversion section from an
output of the sampling section so as to output the inte-
grated difference to the AD conversion section, wherein

the sampling section includes a plurality of sampling cir-
cuits disposed parallel to each other,

the plurality of sampling circuits respectively operate at
timings different from each other, and

cach of the sampling circuits keeps the sampled input sig-
nal from being transierred to the loop filter for 12 or more
of the cycle Ts just after completion of the sampling of
the input signal, during which the AD conversion section
samples the mput signal so as to cancel out the 1nput
signal component in the mput signal to the loop filter.

2. An AD converter, comprising:

a sampling section for sampling an input signal at each
cycle Ts;

a first AD conversion section for sampling the input signal
at the same time as the sampling section and performing
AD conversion of the sampled input signal;
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a first DA conversion section for performing DA conver-
sion of an output of the first AD conversion section;

a first loop filter for integrating a difference obtained by
subtracting an output of the first DA conversion section
from an output of the sampling section so as to output the
integrated ditference to the first AD conversion section;

a second AD conversion section for performing AD con-
version of an output of the first loop filter;

a second DA conversion section for performing DA con-
version ol an output of the second AD conversion sec-
tion; and

a second loop filter for integrating a difference obtained by
subtracting an output of the second DA conversion sec-
tion from an output of the first loop filter so as to output
the integrated difference to the second AD conversion
section, wherein

the sampling section includes a plurality of sampling cir-
cuits disposed parallel to each other,

the plurality of sampling circuits respectively operate at
timings different from each other, and

cach of the sampling circuits keeps the sampled 1nput sig-
nal from being transterred to the loop filter for 12 or more
of the cycle T’ just after completion of the sampling of
the input signal during, which the AD conversion section
samples the mput signal so as to cancel out the 1nput
signal component in the mput signal to the loop filter.

3. An AD converter, comprising:

a sampling section for sampling an input signal at each
cycle Ts;

a first AD conversion section for performing AD conver-
sion of the input signal;

a DA conversion section for performing DA conversion of
an output of the first AD conversion section;

an amplifier for amplifying a difference obtained by sub-
tracting an output of the DA conversion section from an
output of the sampling section;

a second AD conversion section for performing AD con-
version of an output of the amplifier;

a digital amplifier for amplifying an output of the second
AD conversion section; and

an adder for adding an output of the digital amplifier to the
output of the first AD conversion section so as to output
a result of addition, wherein

the sampling section includes a plurality of sampling cir-
cuits disposed parallel to each other,

the plurality of sampling circuits respectively operate at
timings different from each other, and

cach of the sampling circuits keeps the sampled 1input sig-
nal from being transferred to the loop filter for 2 or more
of the cycle Ts just aiter completion of the input signal
sampling, during which the AD conversion section pro-
cesses the sampled input signal so as to output the
delayed input signal.

4. The AD converter as set forth in claim 1, wherein

the plurality of sampling circuits are two switched capaci-
tor type sampling circuits, and

cach of the switched capacitor type sampling circuits keeps
the sampled 1nput signal from being transierred to the
loop filter for %2 of the cycle Ts just after completion of
the input signal sampling.

5. The AD converter as set forth 1n claim 1, wherein a signal

delay quantity 1n a signal path passing through the AD con-

65 version section and the DA conversion section 1s equal to a

delay quantity between an input and an output of the sampling
section.
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6. The AD converter as set forth in claim 1, wherein

a single switched capacitor circuit serves as both the sam-
pling section and the DA conversion section,

cach of the sampling circuits includes a switch and a
capacitor, and

the plurality of sampling circuits delay the input signal so
as to output the delayed nput signal and perform DA
conversion of the output of the AD conversion section.

7. The AD converter as set forth 1n claim 2, wherein

the plurality of sampling circuits are two switched capaci-
tor type sampling circuits, and

cach of the switched capacitor type sampling circuits keeps
the sampled input signal from being transferred to the

10

loop filter for 12 of the cycle Ts just after completion of 15

the input signal sampling.

8. The AD converter as set forth 1n claim 3, wherein

the plurality of sampling circuits are two switched capaci-
tor type sampling circuits, and

cach of the switched capacitor type sampling circuits
delays keeps the sampled input signal from being trans-
ferred to the loop filter for %2 of the cycle Ts just after
completion of the input signal sampling.

9. The AD converter as set forth 1n claim 2, wherein a signal
delay quantity 1n a signal path passing through the AD con-

20
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version section and the DA conversion section 1s equal to a
delay quantity between an input and an output of the sampling
section.

10. The AD converter as set forth 1n claim 3, wherein a
signal delay quantity 1n a signal path passing through the AD
conversion section and the DA conversion section 1s equal to
a delay quantity between an input and an output of the sam-
pling section.

11. The AD converter as set forth in claim 2, wherein

a single switched capacitor circuit serves as both the sam-

pling section and the DA conversion section,

cach of the sampling circuits includes a switch and a

capacitor, and

the plurality of sampling circuits delay the mput signal so

as to output the delayed input signal and perform DA
conversion of the output of the AD conversion section.

12. The AD converter as set forth 1n claim 3, wherein

a single switched capacitor circuit serves as both the sam-

pling section and the DA conversion section,

cach of the sampling circuits includes a switch and a

capacitor, and

the plurality of sampling circuits delay the input signal so

as to output the delayed mnput signal and perform DA
conversion of the output of the AD conversion section.
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